Abstract Renin-expressing cells appear early in the embryo and are distributed broadly throughout the body as organogenesis ensues. Their appearance in the metanephric kidney is a relatively late event in comparison with other organs such as the fetal adrenal gland. The functions of renin cells in extra renal tissues remain to be investigated. In the kidney, they participate locally in the assembly and branching of the renal arterial tree and later in the endocrine control of blood pressure and fluid-electrolyte homeostasis. Interestingly, this endocrine function is accomplished by the remarkable plasticity of renin cell descendants along the kidney arterioles and glomeruli which are capable of reacquiring the renin phenotype in response to physiological demands, increasing circulating renin and maintaining homeostasis. Given that renin cells are sensors of the status of the extracellular fluid and perfusion pressure, several signaling mechanisms (β-adrenergic receptors, Notch pathway, gap junctions and the renal baroreceptor) must be coordinated to ensure the maintenance of renin phenotype-and ultimately the availability of renin-during basal conditions and in response to homeostatic threats. Notably, key transcriptional (Creb/ CBP/p300, RBP-J ) and posttranscriptional (miR-330 , miR125b-5p ) effectors of those signaling pathways are prominent in the regulation of renin cell identity. The next challenge, it seems, would be to understand how those factors coordinate their efforts to control the endocrine and contractile phenotypes of the myoepithelioid granulated renin-expressing cell.
Introduction
Renin cells are necessary for the maintenance of blood pressure and fluid/electrolyte homeostasis. Perhaps because they synthesize a hormone, their rarity (they constitute 0.01 % of the total kidney cell number), and their restricted juxtaglomerular (JG) location, these cells have been considered as terminally differentiated. However, such a notion is not supported by experimental data. To start with their localization it must be stated that during early development the location of renin cells is not restricted even to the kidneys. In fact, renin cells make their first appearance before organogenesis has been initiated and continue to emerge throughout the body as development progresses in multiple tissues and organs. Their presence in the kidney is a relatively late event in the developmental history of these cells. Within the developing murine metanephric kidney renin precursors make their first appearance around embryonic day 14 in the stromal compartment, well before arteriolar development is discernible [1] . We found by lineage analysis that these renin precursors derive from FoxD1-positive stromal cells [2] . Thereafter, they participate in the assembling and branching of the kidney vasculature where they are, as a consequence, distributed broadly along large intrarenal arteries and in newly appearing arteriolar branches and inside the glomeruli in what later will become the glomerular mesangium. Thus, throughout fetal and postnatal life there is an ever-changing (although extensive) distribution of renin throughout the renal vasculature and it is not until arteriolar development is completed that these cells occupy their "classical" JG localization as usually seen in the adult animal. This pattern of development, it must be added, resembles the phylogenetic changes in renin distribution from the time these cells first emerge in cartilaginous fish [3] . This brief review discusses the main factors that regulate the identity, fate and plasticity of renin cells during development and in response to homeostatic threats.
Lineage and fate of the juxtaglomerular cell
The JG cell is a highly specialized cell situated in the afferent arteriole at the entrance to the glomerulus [4, 5] . JG cells have granules containing renin [4, 6] . They also contain peroxisomes, small electron dense vesicles, myofilaments and few mitochondria [4] . The cells are round, plump and epithelioid in nature. They also have numerous gap junctions that couple them to smooth muscle cells and mesangial cells, as well as other JG cells [4] . Because they contain myofilaments, it has been postulated that they derive from smooth muscle cells [4] . However, using single-cell nested RT-PCR and triple labeling studies with various phenotypic cell markers, we showed that renin cell progenitors express renin early and acquire the capacity to express smooth muscle genes later in fetal life, at the time of arteriolar assembly [1] . Those studies challenged the dogma that renin cells derive from smooth muscle cells [4, 7] and suggested instead that renin cells were precursors for vascular smooth muscle and other cell types in the kidney. To address this question, we generated mice having cre recombinase under control of the renin locus (Ren1 d -cre and Ren1 c -cre mice) and crossed them with R26R reporter mice. After cre-mediated recombination, mice permanently express β-gal in reninexpressing cells and their descendants, even if renin expression subsequently ceases, thus marking the renin cell lineage.
The experiments showed that renin cell progenitors are indeed capable of giving rise to JG cells, renal arteriolar smooth muscle cells (VSMCs), interstitial pericytes and glomerular mesangial cells ( Fig. 1 and [8] ).
The phenomenon of recruitment: increasing the number of renin cells-a fundamental mechanism to maintain homeostasis
The issue of renin cell fate is closely related to a phenomenon of central importance to the regulation of blood pressure and body fluid homeostasis. If an adult animal is subjected to manipulations that threaten homeostasis such as hypotension, dehydration, hemorrhage or sodium depletion, circulating renin increases primarily due to an increase in the number of renin cells along the preglomerular arterioles [9] [10] [11] . The increased circulating renin eventually reestablishes blood pressure and body fluid homeostasis. However, if the disequilibrium persists and the need for renin continues, as in mice deficient in angiotensinogen [12] or treated with hypotensive agents, additional smooth muscle-like cells (interstitial pericytes and glomerular mesangial cells) undergo transformation and are thus "recruited" to synthesize renin in a pattern resembling that of the embryo [13] [14] [15] . Although this phenomenon has been called recruitment [9] and sometimes JG cell hyperplasia, it should be noted that it does not involve migration or replication of cells, but rather a transformation of preexisting cells. When this transformation occurs, the cells seem to de-differentiate: they change morphology, become epithelioid, make granules that contain renin and express a set of genes characteristic of the renin phenotype, including Akr1b7 (aldo-keto-reductase 1B7) an enzyme we recently identified as characteristic of the renin endocrine phenotype and an independent marker for the renin cell [16] . Akr1b7 and renin expression overlap at all developmental stages studied. Akr1b7 belongs to the aldo-keto reductase superfamily of enzymes which catalyze the reduction to alcohol of harmful aldehydes and ketones generated by hormone synthesizing cells [16] . The detoxifying function of Akr1b7 seems crucial to protect renin cells from those harmful compounds and promote cell survival. Overall, the aforementioned findings indicate that adult kidney cells retain the plasticity to reenact the renin cell phenotype. Further, it is the renin cell descendants (as opposed to any other kidney cell) that reexpress the genetic program of the renin cell when homeostasis is threatened [8] . These results suggest that developmental decisions made in embryonic life affect physiological responses in adult life and the repertoire of physiological responses may be limited by the developmental history of our cells.
MicroRNAs and renin cell fate
Endogenous miRNAs are small non-coding RNAs that regulate gene expression at the post-transcriptional level. They are highly conserved and exhibit spatial, temporal, and tissue/cell specificity, suggesting their involvement in cell differentiation and morphogenesis [17] [18] [19] [20] . The generation of miRNAs is a multi-step process whereby a primary miRNA of about 100-1,000 nucleotides is cleaved by the enzymatic complex Drosha/DGCR8 into a stem loop precursor (pre-miRNA, about 70 nt long) and exported to the cytoplasm where it is processed to a 22-nt-long mature miRNA by Dicer, another RNase III endonuclease. To define whether miRNAs were important in renin cell specification, we crossed our Ren1 dcre mice with floxed Dicer mice to produce a conditional deletion of Dicer, the miRNA processing enzyme, specifically in renin-expressing cells. By 2 months of age, renin cells in mutant mice had virtually disappeared and the few remaining renin-positive cells were thinner and smaller. The marked reduction in the number of renin-positive cells was accompanied by a marked decrease in circulating renin and hypotension. Kidneys were smaller and had characteristic striped fibrosis and sclerotic glomeruli clumped together around abnormally formed or missing blood vessels. It is likely that this peculiar type of scarring was due to the combination of abnormally formed vessels and hypotension leading to regional ischemia. Using microRNA microarrays, in situ hybridization and functional assays, we identified two microRNAs, miR-330 and miR-125b-5p, that mark the JG cells and seem to balance their endocrine-smooth muscle phenotype [21] . We proposed a model whereby under basal conditions, miR-125b-5p is expressed in arteriolar smooth muscle cells and JG cells to ensure their contractility. When homeostasis is challenged, miR-125b-5p decreases along the arteriole allowing them to regain the renin phenotype but stays in JG cells to ensure their contractile function. miR-330 is then expressed in JG cells and inhibits contractility favoring their endocrine character. Thus, these two microRNAs with opposite actions balance the myoendocrine phenotype of the renin cells. There are potential miR-330 binding sites in the 3'UTR of Acta2, Myh11, Smtn, Cnn1 that could explain a direct inhibitory effect of miR-330 on smooth muscle gene expression. The stimulatory effect of miR-125b-5p on smooth muscle phenotype, on the other hand, is likely to be mediated by targeting a smooth muscle inhibitory gene or genes. Potential candidates are for example NF-κB and Elk1, which inhibit myocardin and are predicted targets of miR-125b-5p [21] .
Regulation of renin by cAMP
cAMP plays an important role in the regulation of renin synthesis and release: it controls renin mRNA synthesis and stability and renin exocytosis. The constant physiological demands on renin secretion in response to changes in posture, renal perfusion pressure, sodium balance and other factors are met by rapid regulation of renin release. cAMP mediates the effects of numerous signals (β-adrenoceptor activation, adenosine, prostaglandins, low calcium) that affect renin secretion [22] . The constant demand on renin secretion requires stimulation of renin synthesis to replace renin stores and cAMP regulates the expression of the renin gene and augments renin mRNA levels. Newborn kidney microvessels and isolated single renal microvascular cells release renin in response to adenylate cyclase stimulation and increase renin mRNA levels in response to forskolin treatment. Interestingly, isolated single microvascular cells respond to forskolin administration by increasing the number of reninsecreting and renin-expressing cells without changes in the amount of renin secreted by individual cells. The increase in renin release is therefore due to recruitment of microvascular cells secreting renin [23] . More recently, by using cells harboring yellow fluorescent protein (YFP) driven by the renin promoter we demonstrated an increase in the number of reninexpressing cells in response to manipulations that increase cAMP levels. These results in vitro corroborate many reports in whole animals [9, 10, 13, 14] indicating that the control of hormone availability is achieved by regulating the number of cells that express renin.
The renin promoter contains a cAMP-responsive element (CRE) which is critical in the basal expression of the renin gene [24, 25] as well as stimulation in response to cAMP administration [26] . The CRE confers activation of the renin gene in reporter assays and it was shown that Creb1 competes for binding at this site in EMSA assays [24] . Creb1 and its associated coactivators CBP/p300 may be the final common point that integrates multiple signals controlling renin synthesis/release. We hypothesized that CREB and its associated histone acetyl transferases play a crucial role in renin cell identity. Because knockout mouse embryos (CBP and p300) die before kidney organogenesis starts (∼E11) or just at birth (Creb1), there was no data on JG cell development in these mice. Therefore, to test the hypothesis that histone acetyl transferases (CBP and p300) are important in the determination of the renin phenotype, we used a conditional cre-lox system to delete both transferases specifically in renin cells in mice. The results showed a marked reduction in the number of JG cells accompanied by diminished renin expression and abnormal renal vascular development indicating that CBP and p300 are necessary for the maintenance of renin cell identity and nephrovascular integrity. Further, mice with conditional deletion of CBP and p300 cannot respond to a homeostatic challenge to recruit renin-expressing cells from the cells of the renin lineage or other cell types indicating that CBP and p300 are necessary for the re-acquisition of the renin phenotype in response to a challenge to homeostasis. The inability of these mice to recruit renin cells is accompanied functionally by an inability to increase circulating renin.
Given the crucial importance of the cAMP pathway for renin expression, it was interesting to test whether more proximal components of the cAMP-generation cascade were necessary for the maintenance or acquisition of the renin cell identity. Gsα is responsible for the generation of endogenous cAMP through activation of adenylyl cyclase. Deletion of Gsα in the renin cell lineage causes a remarkable reduction in the endowment of renin cells from embryonic life, accompanied by terminal branching defects of the renal arterioles and renal failure [27, 28] . These results underscore the crucial role of the cAMP pathway in regulating renin cell fate and plasticity.
Cell-to-cell communication
Proper functioning and maintenance of the renin cell phenotype requires appropriate cell-to-cell communication. Notch receptors are known to regulate intercellular communication and cell fate. Given that Notch receptors, their ligands, and their final transcriptional effector, RBP-J, are all expressed in renin cells, we hypothesized that Notch/RBP-J may be involved in the acquisition and/or maintenance of the renin phenotype. To test this hypothesis we deleted RBP-J in renin cells [29] . Mice with conditional deletion of RBP-J had a severe reduction in the number of renin cells, low circulating renin and decreased blood pressure. Further, mutant mice were unable to elicit a recruitment of renin cells in response to a homeostatic challenge indicating that RBP-J is necessary to maintain the memory of the renin phenotype. Although some cells attempted to increase renin expression, those cells were unusually thin, had few granules and barely detectable amounts of immunoreactive renin [29] . As a consequence, the cells were incapable of fully adopting the endocrine phenotype of a renin cell. Those experiments indicated that RBP-J is required to maintain basal renin expression and the ability of smooth muscle cells along the kidney vasculature to regain the renin phenotype, a fundamental mechanism to preserve homeostasis.
Gap junctions allow cells to inform each other about their physiological status and coordinate the activity of functional units such as the juxtaglomerular apparatus (JGA) composed of the afferent and efferent arterioles, the macula densa and the extra glomerular mesangium. JG cells possess abundant gap junctions that connect them with all the component cells of the JGA and allow them to sense rapid changes in perfusion pressure and extracellular fluid composition and respond accordingly with appropriate changes in renin secretion. Gap junctions are formed when two adjacent cells contribute a hemichannel, a connexon, composed of six membrane connexins. The most abundant connexin in JG cells is Cx40 [16] . Deletion of Cx40 results in the expression of renin by periglomerular cells, instead of JG cells [30] . As a result, JG cells seem to lose their sensor capabilities and "misinterpret" physiological signals. JG cells operate as if they are exposed to a continuous low perfusion pressure even though animals are hypertensive. In addition, Cx40 null mice are less sensitive to angiotensin II and less able to propagate vasodilator responses. The result is that Cx40 null animals have severe malignant hypertension. Overall, these studies illustrate the fundamental importance of cell-to-cell communication and spatial information in the operation of the JGA.
Renin expression and renin cells are necessary for nephrovascular development
Deletion of the single Ren1 c gene has severe consequences for kidney development [31] . Although the kidneys of the KO mice seem normal at birth, they subsequently develop hydronephrosis. The kidneys have a thin medulla with an atrophic/hypoplastic papilla and a dilated renal pelvis. The KO kidneys also show interstitial fibrosis, focal glomerulosclerosis and perivascular infiltration of mononuclear cells. There is medial thickening of the small arteries in the kidney but not of the vessels outside the kidney. This phenotype has been described by others in renin-deficient mice [32] , as well as in mice deficient of Agt [33] [34] [35] , Ace [36] [37] [38] , Agtr1a [39] , and Agtr1a/1b [40, 41] . Mice in which all cells that express or have previously expressed renin have been ablated with diphtheria toxin do not show this concentric hypertrophy of arterioles [42] , suggesting that reninproducing cells per se may contribute to the vessel thickening, possibly by synthesizing some factor(s) other than renin that stimulates concentric vessel proliferation. This hypothesis is currently being tested in our laboratory.
In summary, renin-expressing cells appear early in the embryo and are distributed broadly throughout the body. Their functions in sites beyond the kidney remain for the most part to be investigated. In the kidney, they participate locally in the growth of the kidney vasculature. Systemically, renin cells control blood pressure and fluid-electrolyte equilibrium by varying the number of renin-synthesizing cells and thus renin availability. More importantly, renin cell number does not depend on proliferation or migration but is achieved by the plasticity of renin cell descendants, such as smooth muscle cells, which turn on and off the renin gene as part of a whole genetic program, which determines the myo-endocrine phenotype of the cell and in turn whole-body homeostasis.
